Polysiphonia is the largest genus of red algae, and several schemes subdividing it into smaller taxa have been proposed since its original description. Most of these proposals were not generally accepted, and currently the tribe Polysiphonieae consists of the large genus Polysiphonia (190 species), the segregate genus Neosiphonia (43 species) and 13 smaller genera (< 10 species each). In this paper, phylogenetic relationships of the tribe Polysiphonieae are analysed, with particular emphasis on the genera Carradoriella, Fernandosiphonia, Melanothamnus, Neosiphonia, Polysiphonia sensu stricto, Streblocladia and Vertebrata. We evaluated the consistency of 14 selected morphological characters in the identified clades. Based on molecular phylogenetic (rbcL and 18S genes) and morphological evidence, two speciose genera are recognized: Vertebrata (including the type species of the genera Ctenosiphonia, Enelittosiphonia, Boergeseniella and Brongniartella) and Melanothamnus (including the type species of the genera Fernandosiphonia and Neosiphonia). Both genera are distinguished from other members of the Polysiphonieae by synapomorphic characters, the emergence of which could have provided evolutionarily selective advantages for these two lineages. In Vertebrata trichoblast cells are multinucleate, possibly associated with the development of extraordinarily long photoprotective trichoblasts. Melanothamnus has 3-celled carpogonial branches and plastids lying exclusively on radial walls of the pericentral cells, which similarly may improve resistance to damage caused by excessive light. Other relevant characters that are constant in each genus are also shared with other clades. The evolutionary origin of the genera Melanothamnus and Vertebrata is estimated as 75.7-95.78 and 90.7-138.66 Ma, respectively. Despite arising in the Cretaceous, before the closure of the Tethys Seaway, Melanothamnus is a predominantly Indo-Pacific genus and its near-absence from the north-eastern Atlantic is enigmatic. The nomenclatural implications of this work are that 46 species are here transferred to Melanothamnus, six species are transferred to Vertebrata, and 13 names are resurrected for Vertebrata.
Introduction
The Rhodomelaceae Areschoug is the largest family of red algae, currently including more than 1000 species (Guiry & Guiry, 2016) . It consists of the tribes Amansieae Schmitz (1889) , Bostrychieae Falkenberg (1901) , Chondrieae Schmitz & Falkenberg (1897) , Herposiphonieae Schmitz & Falkenberg (1897) , Heterocladieae Falkenberg (1901) , Laurencieae Schmitz (1889), Lophothalieae Schmitz & Falkenberg (1897) , Neotenophyceae Kraft & I.A. Abbott (2002) , Pleurostichidieae (Hommersand, 1963) , Polysiphonieae Schmitz (1889), Polyzonieae Schmitz & Falkenberg (1897) , Pterosiphonieae Falkenberg (1901) , Rhodomeleae Schmitz & Falkenberg (1897) , Sonderelleae L.E. Phillips (2001) and Streblocladieae nom. nud. (Hommersand, 1963; Kraft & Abbott, 2002; Womersley, 2003) , of which the most speciose is the Polysiphonieae with over 300 species in 15 currently recognized genera (Guiry & Guiry, 2016) .
Within the Polysiphonieae the genus Polysiphonia Greville (1824), nom. cons., has representatives throughout the world, in the majority of photic marine benthic habitats including brackish ones (e.g. Hollenberg, 1942 Hollenberg, , 1944 Hollenberg, , 1968a Hollenberg, , 1968b Womersley, 1979; Maggs & Hommersand, 1993; Lam et al., 2013) . Polysiphonia is poorly circumscribed, and has remained in a state of taxonomic flux since its original description. Numerous schemes for subdividing this large and morphologically diverse genus into smaller and more manageable groups have been proposed (e.g. Segi, 1951; Hollenberg, 1968a Hollenberg, , 1968b , based mostly on the number of periaxial cells, either four (subgenus Oligosiphonia) or more than four (subgenus Polysiphonia). These schemes have generally been rejected and several generic names (e.g. Orcasia Kylin (1941) , based on Polysiphonia senticulosa Harvey) are currently regarded as synonyms of Polysiphonia. However, despite having been subsumed within Polysiphonia in most classification schemes, Vertebrata S.F. Gray (1821) is currently recognized as a monospecific genus containing only the type species, V. lanosa.
The segregate genus Neosiphonia M.-S.Kim & I.K. Lee (Kim & Lee, 1999) has been widely accepted and is now the second largest in the Polysiphonieae (Guiry & Guiry, 2016) . Neosiphonia (type species: N. flavimarina from Korea) is characterized by the following features: (1) thalli erect with a main axis bearing branches; (2) branches or trichoblasts formed on every segment; (3) rhizoids cut off from pericentral cells; (4) carpogonial branches 3-celled; (5) spermatangial branches formed on a branch of modified trichoblasts; (6) tetrasporangia in spiral arrangement (Kim & Lee, 1999) . These features contrast markedly with the key characters of Polysiphonia sensu stricto, exemplified by the type species P. stricta: prostrate axes with rhizoids in open connection with pericentral cells; carpogonial branches 4-celled; spermatangial branches borne directly on axes; tetrasporangia in straight rows (Kim et al., 2000) . In addition to describing the new species N. flavimarina, Kim & Lee (1999) also transferred 11 species of Polysiphonia to Neosiphonia, all based on material from Korea, and there are 43 currently recognized species (Guiry & Guiry, 2016) , not all of which exhibit the six key characters of Neosiphonia listed above. Kim & Lee (1999) considered Neosiphonia (also referred to as the 'Polysiphonia japonica complex' sensu Yoon (1986) ) to be related to Fernandosiphonia Levring, which was erected for F. unilateralis from the Juan Fernández Islands off Chile on the basis of its unilateral development of ultimate branches (Levring, 1941) and which currently consists of three species. They reported that Neosiphonia differed from Fernandosiphonia principally in its branching pattern, the origin of spermatangial branches, and the 3-celled carpogonial branches. Kim & Lee (1999) did not comment, however, on the possible relationship between Fernandosiphonia and Streblocladia F. Schmitz (in Schmitz & Falkenberg, 1897) . Hommersand (1963) and Norris (1994) compared Fernandosiphonia (trichoblasts formed spirally) with Streblocladia (trichoblasts borne only adaxially). Choi et al. (2001) drew attention to the relationship in their 18S tree between N. japonica and Polysiphonia virgata, the type species of Carradoriella P.C.Silva (Kylin, 1956, as Carradoria; Silva et al., 1996) , and suggested that Neosiphonia might either be subsumed into Carradoriella or be resolved as a sister to it. Recent searches of DNA sequence databases unexpectedly showed a possible relationship between Neosiphonia species and Melanothamnus somalensis, the type species of the genus Melanothamnus Bornet & Falkenberg, which was regarded as incertae sedis (Falkenberg, 1901) .
Given the taxonomic and nomenclatural complexity within the Polysiphonieae, our aims were to reevaluate the morphological features of Neosiphonia and Vertebrata in relation to those of Fernandosiphonia, Streblocladia, Carradoriella, Melanothamnus and Polysiphonia sensu stricto within a phylogenetic analysis of the Polysiphonieae using sequences of the plastid-encoded rbcL gene and the ribosomal DNA 18S gene (SSU). We surveyed within the Polysiphonieae the distribution of a striking characteristic of the 'Polysiphonia japonica complex', the position of plastids on radial walls of the periaxial cells and their absence from the outer walls such that nuclei are clearly visible after staining (Maggs & Hommersand, 1993; McIvor et al., 2001) . Likewise, we analysed the multinucleate vs. uninucleate character of trichoblast cells, which seems to be taxonomically significant (Maggs & Hommersand, 1993) .
Materials and methods

Field collections, morphological studies and literature review
Samples of Polysiphonieae (Table S1) were collected from European Atlantic coasts, New Zealand, Australia, Taiwan, Japan, Chile, USA, South Africa and Oman and processed fresh, desiccated in silica gel or preserved in ethanol.
Type material of Fernandosiphonia unilateralis was obtained from the Herbarium, Botanical Museum, Göteborg, Sweden (GB) by correspondence with the curator. It consisted of four permanent slides, a herbarium sheet and liquid-preserved material. Furthermore, we studied recent collections from Juan Fernández Islands, the type locality. We also studied the type material in US and TCD of several species currently assigned to Neosiphonia (Table S2 ; herbarium abbreviations as in Thiers, 2016) for which the key morphological characteristics (Table 1) could not be clearly ascertained from published literature, in order to determine their correct generic assignment. For this purpose, we exclusively considered the descriptions provided for material from type localities or near them. To ensure the accuracy of our interpretation of the genera, our concept of them is based on material of their type species obtained from their type localities. For Streblocladia, we used material of, and sequences from, the type species S. glomerulata from New Zealand. Carradoriella (i.e. Polysiphonia virgata) was obtained from the type locality in South Africa, and the type species of Vertebrata and Melanothamnus came from Ireland and Oman respectively. work, 5, 6, 9, 15, 16, 18, 22 This work, 1, 2, 3, 6, 7, 8; 16, 18, 20, 21, 24 This work, 16, 21 This work, 2, 3 This work, 7, 13, 18, 22 This work, 2, 3, 4, 6, 9, 10, 11, 12, 14, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25 References: Yoon (1986) .
Fresh material and herbarium samples were prepared as squashes, either unstained or stained with aqueous aniline blue, post-fixed in 1% HCl, and mounted in 80% Karo corn syrup (Bestfoods Inc., NJ, USA). Permanent slide mounts were prepared as vouchers and deposited in: BM, MICH, SANT, WNC and MEL.
A systematic review was carried out to identify relevant phycological literature from around the world from which to assess for each species of Polysiphonieae the 14 vegetative and reproductive features relevant to Neosiphonia and Vertebrata.
Nomenclatural authorities for the species mentioned in the manuscript are provided in Tables 2-5 and S1-S2.
DNA extraction, PCR amplification and sequencing
This was carried out in four different laboratories using different protocols as described below.
At Queen's University Belfast, DNA was extracted from fresh, silica gel-dried or ethanol-preserved material using the Qiagen DNeasy Plant Mini Kit (Qiagen GmbH, Hilden, Germany), according to the manufacturer's instructions, or by a CTAB method, modified after Doyle & Doyle (1987) . For PCR amplification, a PTC-200 DNA Engine (MJ Research Inc.) was used. Except for material of Fernandosiphonia unilateralis, all PCR amplifications were carried out using rbcLFC as the forward primer, and rbcLRD as the reverse primer (Nam et al., 2000; McIvor et al., 2001) . All reactions contained 200 µM each of dATP, dCTP, dGTP and dTTP, 0.3 µM of each primer, 2.5 mM MgCl 2 , and 1.6 units of Biotaq TM DNA polymerase (Bioline, UK). The PCR amplification followed Nam et al. (2000) and McIvor et al. (2001) . About 1250 base pairs (bp) of the rbcL gene were amplified and the PCR fragments for sequencing were purified using the High Pure PCR Product Purification Kit (Roche Diagnostics Ltd, Lewes, UK), according to the manufacturer's instructions. The PCR products were directly sequenced commercially by MWG-Biotech, Ebersberg, Germany. Type material of Fernandosiphonia unilateralis had been preserved in formalin by Levring (1941) prior to long-term storage in ethanol (A. Athanasiados, personal communication) . At the Leiden herbarium, various protocols for retrieving DNA from formalinpreserved specimens were attempted (Kirby & Reid, 2001) ; the most successful was to soak and wash the material repeatedly in clean sterile water, prior to DNA extraction using using a Chelex-100 (Biorad, Hercules, California) protocol (Goff & Moon, 1993; Zuccarello et al., 1999) . Applying a strategy for amplifying degraded 'ancient' DNA (Provan et al., 2008) , primers were designed from an alignment of Neosiphonia harveyi and related species in order to amplify 100-bp fragments. We used the primers F183 (5′ TGCAGGTGAATCTTCTACAGCT 3′) and R383 (5′ ACGTTACCAATAATTGAAGCTGTT 3′).
At the University of Melbourne, DNA was extracted from silica gel-dried material following Saunders & McDevit (2012) . PCR amplification was carried out for rbcL using the primers F7/RrbcStart or F57/rbcLrevNEW (Freshwater & Rueness, 1994; Saunders & Moore, 2013) and for 18S using the primers F47 (5′ AGCCATGCAAGTGCCTGTAT 3′) and R1867 (5′ CGCAGGTTCACCTACGGAAA 3′). At A Coruña, Melanothamnus from Oman was extracted using the CTAB protocol (Doyle & Doyle, 1987) and rbcL was amplified using the primers F7-R753 and F57-rbcLrevNEW (Freshwater & Rueness, 1994; Saunders & Moore, 2013) . The PCR products were purified and sequenced commercially by the sequencing service of the University of A Coruña.
DNA extraction, amplification and sequencing at UNCW were as described by Stuercke & Freshwater (2008) .
Sequence alignment and phylogenetic analysis
A total of 65 rbcL and 48 18S sequences were downloaded from GenBank and 25 new rbcL and 10 new 18S sequences were generated in this study. The Table 3 . Genus Vertebrata with resurrected names resulting from the present study and V. lanosa printed in bold, followed by basionyms and taxonomic synonyms. Note: The positions of Polysiphonia paniculata in the rbcL and 18S trees are not congruent. This suggests that these two sequences, generated from samples from Chile and California, respectively (Table S1) , were obtained from different species. The assignment of this species to the genus Vertebrata therefore requires further study to clarify the identity of the two published sequences. The type locality is Peru. Cell walls 'hyaline' (Hollenberg, 1968a Plastid character. Molecular data available from the type locality (Bustamante et al., 2013b, figs 22-23) (Continued ) sequences and their corresponding GenBank accession numbers are listed in Table S1 . Sequences were aligned using Muscle in Geneious 6.1.8 (Kearse et al., 2012) . Identical sequences and those that diverged by less than 1.1% were removed from the rbcL analysis, except for Neosiphonia flavimarina and N. harveyi (0.4% divergence), the two selected representatives of the 'N. japonica complex' (Kim & Lee, 1999) , which also includes N. decumbens, N. harlandii and P. akkeshiensis Segi (McIvor et al., 2001; Kim & Yang, 2006; Bárbara et al., 2013; Savoie & Saunders, 2015) . Identical sequences were also removed from the 18S analysis. The sequences included in the final alignment were selected after considering their quality in terms of both length and the presence of ambiguous bases. Phylogenetic trees for rbcL and 18S were estimated with Maximum likelihood (ML) using RAxML 8.1.6 (Stamatakis, 2014) . GTR-Gamma was selected as the best nucleotide model; branch support was estimated with 100 bootstrap replicates. Three species of Symphyocladia Falkenberg (in Schmitz & Falkenberg, 1897) were selected as the outgroup in the rbcL phylogeny and one species each of Symphyocladia, Xiphosiphonia Savoie & Saunders (2016) and Herposiphonia Nägeli (1846) were selected as outgroups for the 18S analysis. This outgroup selection was based on our phylogenomic analyses of the major lineages of the Rhodomelaceae which resolve a clade formed by the Herposiphonieae and Pterosiphonieae as sister to the Polysiphonieae (Díaz-Tapia et al., 2015) .
We used MrBayes v.3.2.2 for Bayesian phylogenetic inference (Ronquist et al., 2011) . The rbcL alignment was analysed using a single (unpartitioned) GTR+Γ+I as well as completely unlinked GTR+Γ+I for each codon position. We used a single GTR+Γ+I model for 18S. All analyses were run for 5 million generations, sampling every 1000th generation and using two independent runs each consisting of four incrementally heated Metropolis-coupled (MCMC) chains. Convergence and stationarity of runs were evaluated with Tracer v.1.6.0 (Rambaut et al., 2013) , resulting in the use of a burn-in of 500k generations for all analyses. Post-burn-in trees were summarized with the sump command in MrBayes, using the allcompatible-groups consensus type.
Trees were calibrated in geological time using relaxed molecular clock analyses. The calibration was derived from node ages inferred by Yang et al. (2016) , which estimated the earliest split in (Lartillot et al., 2009 ). The MCMC chain was run for 50k cycles, stationarity was assessed with Tracer, and the node ages summarized with the readdiv command, discarding the first 25k cycles as burn-in. The second analysis used uncorrelated rates of evolution sampled from a lognormal distribution (Drummond et al., 2006) as implemented in BEAST v.1.8.2. The MCMC chain was run for 10 million generations, used a Yule tree prior, and an unpartitioned GTR+Γ +I model of sequence evolution. Stationarity was assessed with Tracer. A maximum clade credibility tree and median node heights were inferred with TreeAnnotator, discarding the first 1 million generations as burn-in and using a posterior probability limit of zero.
Results
DNA sequences and alignments
DNA extraction and PCR amplification of type material of Fernandosiphonia unilateralis that had been initially formalin/seawater fixed and then stored in ethanol for several decades yielded a 95 bp partial rbcL sequence with seven ambiguous nucleotides. The sequence was unique by comparison with other taxa sequenced either at QUB or in Leiden, confirming that there had been no contamination. Twenty-five new rbcL sequences and ten 18S sequences were obtained from members of the Polysiphoniae (Table S1) , including an rbcL sequence from Melanothamus somalensis, and four rbcL and two 18S sequences from new collections of F. unilateralis from the type locality. Alignments for the rbcL were unambiguous, with no insertions or deletions.
Phylogenetic analyses
The ML rbcL tree (Fig. 1) has three strongly supported major clades within the Polysiphonieae: Polysiphonia sensu stricto 1 (including P. stricta, the type of the genus), Polysiphonia sensu stricto 2 (with morphological features corresponding to those defining Polysiphonia sensu stricto: Kim et al., 2000) and a third clade grouping all the other taxa. The third clade comprised a large number of lineages, many with low or intermediate support. The two most speciose lineages, here named Vertebrata and Melanothamnus, however, are both robustly supported (Fig. 1) . The Vertebrata clade includes V. lanosa, the current name for the type species of Vertebrata, V. fastigiata S.F. Gray (1821) saccorhiza is an invalid combination (the basionym was not cited), and the phylogenetic affinities of Lophosiphonia saccorhiza are unknown. 
1897). The Melanothamnus clade includes
Fernandosiphonia unilateralis, Neosiphonia flavimarina and M. somalensis, the type species of their corresponding genera. In addition to these two large clades, six other lineages containing 3-4 species are highly supported (BP/PP > 90/0.95); among these are the Carradoriella clade including Polysiphonia virgata, the type species of Caradoriella, and the Streblocladia clade, which includes the type species S. glomerulata. Our phylogenetic tree also resolved five individual species as sisters to the other clades with low support. The Melanothamnus clade receives support of 100/ 1.00 (Fig. 1) . In addition to F. unilateralis, N. flavimarina and M. somalensis, this clade includes 27 other species currently assigned to Neosiphonia and Polysiphonia. The 95 bp sequence obtained from the type material of F. unilateralis analysed separately showed that this sequence was positioned unequivocally within the Melanothamnus clade, but sequence ambiguities due to the quality of the DNA made it impossible to determine its precise position.
The phylogenetic relationships among species within the Melanothamnus clade are generally poorly resolved, with a few exceptions. Although the lineage formed by 'Polysiphonia' schneideri, 'P.' amplacapilli, 'P.' pentamera and 'P.' morroides is very weakly positioned as sister to the Melanothamnus clade in the rbcL tree, in 18S analyses this position is robustly supported (see below).
The RAxML 18S tree (Fig. 2) has a similar topology to the rbcL phylogeny, with three strongly supported major clades: Polysiphonia sensu stricto 1 and 2 and a third clade with all the other taxa. Polysiphonia sensu stricto clades 1 and 2 are placed robustly together (99/1.00). Within the third clade, the Vertebrata clade receives full support, while support is lower for Melanothamnus (82/1.00). The sister relationship between the Melanothamnus and 'P.' schneideri clades is strongly supported in the 18S phylogeny. In addition, the Carradoriella and Streblocladia clades are highly supported.
The time-calibrated phylogenies (Figs S1, S2) estimated the divergence in Vertebrata to be more ancient than in Melanothamnus (90.7-138.66 vs 75.7-95.78 Ma). Furthermore, the radiation of major lineages in Vertebrata and Melanothamnus was gradual and took place over periods of c. 20 and 12 Ma, respectively.
Morphological observations
An overview of the distribution of selected morphological characters within clades of the Polysiphonieae is shown in Table 1 .
Habit: There is considerable variation within and among clades (Table 1) , with the exception of the Carradoriella and Streblocladia clades, in which all species are erect. True prostrate axes giving rise to erect axes, as opposed to decumbent axes that themselves become erect, are confined to Polysiphonia sensu stricto and Vertebrata. Most species of the Melanothamnus clade are completely erect or have a very short prostrate system. However, some taxa are decumbent (e.g. Polysiphonia blandii, P. simplex), forming extensive prostrate systems with rhizoids in the basal parts of the erect axes. Members of the Polysiphonieae are typically smaller than 10 cm. As an exception, M. afaqhusainii can exceed 1 m in length.
Rhizoids:
The connection between the rhizoids and the pericentral cells from which they originate is a uniform character within each clade, so far as it can be observed (Table 1) . Rhizoids are in open connection with pericentral cells in Polysiphonia sensu stricto (Fig. 19) , while they are cut off from pericentral cells in the other clades . Observations on rhizoids cannot be made in mature specimens of some species, such as Vertebrata lanosa which is an obligate hemi-parasite that lacks rhizoids, and Fernandosiphonia unilateralis, Streblocladia glomerulata and Melanothamnus somalensis, which all have compact basal discs without individual rhizoids.
Pericentral cells and cortication:
The number of pericentral cells and the presence of cortication are variable in most of the clades (Table 1 ). All species in the Vertebrata clade have six or more pericentral cells, while members of the Polysiphonia sensu stricto clades have four pericentral cells, with the exception of Bryocladia cuspidata (6-8 pericentrals). Cortication is uniformly absent in the Polysiphonia sensu stricto and 'P.' schneideri clades. Cortication is variable within the other clades, absent or slight in small species of Fernandosiphonia but very heavy in Melanothamnus, and absent or slight in most species of Vertebrata with the exception of Boergeseniella, in which cortication is elaborate.
Plastid arrangement: The arrangement of plastids in the cells is a synapomorphy for the Melanothamnus clade. The species in this clade have the plastids lying exclusively on radial walls of pericentral cells so the outer walls appear transparent (Table 1, Figs 8, 13, [34] [35] [36] [37] [38] [39] . This particular arrangement of the plastids can be easily observed under the microscope as the cells show a dark flank when observed in detail (Figs 14, 35, 37) , as well as a transparent halo when the pericentral cells are observed in a suitable position (Fig. 38) . All the other taxa of the Polysiphonieae have plastids against all the cell walls including the outer wall (Table 1, Figs 25-33) . The revision of the type materials listed in Table S2 , currently assigned to Neosiphonia, allowed us to verify the plastid character in the species Polysiphonia concinna, P. eastwoodiae, P. gorgoniae, P. harlandii and P. johnstonii. Conversely, the species Lophosiphonia mexicana, P. beaudettei, P. confusa, P. poko, P. profunda and P. rubrorhiza have the plastids scattered within the cells, including against the outer wall cells.
Branch/trichoblast arrangement: Whether trichoblasts and/or branches are formed on every segment or are separated by naked segments is variable in three clades, Melanothamnus, Carradoriella and Vertebrata. Most species of the Melanothamnus clade have branches or trichoblasts on every segment, which is a key feature of Neosiphonia. However, there are exceptions in this clade such as Neosiphonia collabens, Polysiphonia nuda and P. pseudovillum from Panama, in which there are interspersed naked segments. Conversely, the formation of trichoblasts/ branches with naked segments between them is a uniform character in the Streblocladia, 'Polysiphonia' schneideri and Polysiphonia sensu stricto clades (Table 1) . Within all clades except Melanothamnus, branches may form in a position axillary to trichoblasts, but although constant at the species level, this character is variable within clades. In the Melanothamnus clade this character is absent, and branches are never axillary.
Trichoblast nuclei: The proximal cells of trichoblasts are multinucleate in the Vertebrata clade (Table 1, , with up to 8 or more nuclei in the basal cell and decreasing in number towards the apices, which can be uninucleate. The nuclei are uniformly distributed inside the cells, each appearing to have a domain within the cell. Conversely, all the cells of trichoblasts are uninucleate in other clades of the Polysiphonieae (Figs 40, 44-46 ). The only known exception is Leptosiphonia schousboei, which sometimes has two nuclei in the trichoblast cells.
Branching pattern: Despite the great significance previously placed on dorsiventral vs radial branching in the Rhodomelaceae, this character varies within all our clades. A primary dorsiventral branching pattern characterizes some species of the clades Melanothamnus (F. unilateralis and N. collabens; Figs 10, 11), Streblocladia (S. glomerulata) and Vertebrata (Ctenosiphonia hypnoides) (Table 1) . However, this characteristic is not significant in delineating these three genera, as our phylogenetic tree reveals that each of these four species is closely related to others that have spirally or pseudodichotomously arranged branches. For example, the branching pattern of members of the Streblocladia clade varies from dorsiventral in S. glomerulata, the type species, to spiral or pseudodichotomous in Polysiphonia muelleriana and Polysiphonia sp. Likewise, the dorsiventral Neosiphonia collabens is related to species with spiral or pseudodichotomous branching patterns.
Spermatangial branches: Whether spermatangial branches replace trichoblasts completely or replace only one branch of a dichotomously branched trichoblast is a constant character in all clades (Table 1 ). In (Fig. 13, arrows) and cells have a dark flank (Fig. 14) . Fig. 15 . Young spermatangial branch formed on the first dichotomy of a trichoblast, the other branch remaining vegetative (arrow). Fig. 16 . Procarp (su = supporting cell; cp = carpogonium). Fig. 17 . Cystocarp. the two Polysiphonia sensu stricto and Streblocladia clades, spermatangial branches almost uniformly replace trichoblasts (Fig. 47) . In the other clades, they are formed on the first dichotomy of modified trichoblasts (Figs 15, (49) (50) (51) (52) , with the exception of Vertebrata (Fig. 48) as V. lanosa has no trichoblasts in male thalli -they can be observed only occasionally in females. The presence or absence of apical sterile cells on spermatangial branches is variable within clades, except for Carradoriella in which they are present (Figs 47-52, Table 1 ).
Carpogonial branches:
The Melanothamnus clade is characterized by having 3-celled carpogonial branches (Table 1) . In our study, we observed this character in N. harveyi, N. collabens, P. blandi and P. forfex (Figs 57, 58) . By contrast, the other Polysiphonieae uniformly have 4-celled carpogonial branches like the majority of the Rhodomelaceae (Table 1, Figs 53-56) .
Cystocarps: The outline morphology of cystocarps varies from globose to ovoid in all the clades analysed here ( Table 1, Figs 60-64) . Urceolate cystocarps are exclusive to the Polysiphonia sensu stricto clades (Table 1, Fig. 59 ). Cells around the ostiole are conspicuously larger than (more than twice the size of) the cells of the pericarp immediately below in most species of the Melanothamnus clade (Fig. 70) . However, Neosiphonia harveyi is an exception, and the cells of the ostiole in this species are only slightly larger than the other cells of the pericarp. This character is also seen in Streblocladia glomerulata (Fig. 68) . Conversely, the cells of the ostiole in the other four clades are uniformly similar to the cells below (Figs 65-67, 69) .
Tetrasporangia: The formation of tetrasporangia in straight or spiral rows is variable in all clades (Table 1, . It must be noted that very long straight series of tetrasporangia are typically observed only in members of the Polysiphonia sensu stricto clade (Fig. 71) . However, straight series can also form in other clades, for example in Neosiphonia collabens and Polysiphonia nuda within the Melanothamnus clade, whereas tetrasporangia in Fernandosiphonia unilateralis form short and markedly spiral series (Fig. 18) . The third tetrasporangial cover cell is exclusive to the Polysiphonia sensu stricto clade, but this character has not been examined in all the species.
Discussion
Phylogenetic analysis
Amongst the Polysiphonieae studied here, the earlybranching clade/clades Polysiphonia sensu stricto 1 and 2 were resolved as separate lineages in rbcL analyses (Fig. 1 ) but together formed a robust clade in 18S analyses (Fig. 2) . The marked discordance between rbcL and 18S trees regarding the monophyly/paraphyly of the Polysiphonia sensu stricto lineages requires additional research for a more accurate assessment of relationships and character evolution. Because the Polysiphonia sensu stricto lineages occur near the base of the tree, it is possible that the outgroups (which are relatively distant taxa compared with the ingroup) could have attached to the ingroup (Fig. 19 , Polysiphonia sensu stricto clade 1). Cut off from pericentral cells in P. foetidissima (Fig. 20 , Vertebrata clade), P. denudata (Fig. 21, Carradoriella clade) , Polysiphonia sp. (Fig. 22, Streblocladia clade) , P. schneideri (Fig. 23, ' P.' schneideri clade) and P. incompta (Fig. 24 in the wrong position in one of the analyses (Shavit et al., 2007) . Future work should focus on including a wider range of taxa from across the Rhodomelaceae as well as using larger, multi-gene datasets to infer the correct branching order of the two Polysiphonia sensu stricto lineages.
The Vertebrata and Melanothamnus clades were resolved as large, speciose clades with strong support using rbcL. The 18S phylogeny also resolves the Vertebrata clade with robust support, while Melanothamnus is moderately well supported. Both clades are clearly distinguished from Polysiphonia sensu stricto by the rhizoid anatomy (cut off from pericentral cells). Both clades are identified by distinct morphological synapomorphies. The Vertebrata clade is characterized by the multinucleate cells of trichoblasts; the other key feature of Vertebrata, that all species have six or more pericentral cells, is shared with members of some other clades. The Melanothamnus clade is unequivocally distinguished from other Polysiphonieae by two synapomorphic characteristics: the plastid arrangement and the 3-celled carpogonial branches. Furthermore, branch origin is independent from trichoblasts in all the species of this clade, and the majority of species have enlarged ostiolar cells.
In addition to the above-mentioned clades, the rbcL phylogeny resolved six small (3-4 species) but highly supported clades, as well as indicating five species that are uncertainly positioned. The generic assignment of these lineages requires further taxon and gene sampling in order to better understand their phylogenetic relationships and establish a natural classification -it would be premature to speculate on the outcomes of these investigations at present. One of the major shortcomings in Polysiphonieae sequence databases is the uneven geographical sampling, as the majority of sequenced taxa come from Atlantic Europe and central to north-estern America. The generation of molecular (Fig. 40 , Polysiphonia sensu stricto clade 1), P. denudata (Fig. 44, Carradoriella clade) , P. schneideri (Fig. 45, ' P.' schneideri clade) and P. blandii (Fig. 46, Melanothamnus clade) . Multinucleate trichoblast cells in species of the Vertebrata clade: P. nigra (Fig. 41) , Boergeseniella fruticulosa (Fig. 42) and P. foetidissima (Fig. 43) . data from additional regions could contribute to acquiring a more realistic perspective of the magnitude of unplaced lineages and to delineating their corresponding genera. Also, the resolution of the commonly employed molecular markers in the Polysiphonieae is not sufficient to resolve the phylogenetic relationships among numerous lineages, which could be improved using larger gene datasets (Díaz-Tapia et al., 2015) .
Taxonomic position of Vertebrata
Vertebrata lanosa is placed in a strongly supported clade that also includes Brongniartella byssoides, Boergeseniella fruticulosa, Ctenosiphonia hypnoides and Enelittosiphonia stimpsonii, the type species of their corresponding genera, and Lophosiphonia reptabunda (which is not the type species). All members of this clade have a synapomorphic characteristic that was previously overlooked in relation to systematics (but see Maggs & Hommersand, 1993) : multinucleate trichoblast cells. We conclude from molecular and morphological evidence that members of this clade represent a single genus. Vertebrata is the oldest name among those available for this clade, as noted before (Choi et al., 2001) , and the new combinations proposed in Table 2 are required. Furthermore, the Vertebrata binomials previously established by Kuntze (1891) should be reinstated for the other 13 species included in this clade (Table 3) .
Interestingly, Brongniartella is not monophyletic despite its distinctive persistent and pigmented trichoblasts that led to its classification in the tribes Lophothalieae (Falkenberg, 1901; Womersley, 2003) or Brongniartelleae Parsons (Parsons, 1975; Maggs & Hommersand, 1993) .
Although trichoblasts are typically considered unpigmented in the Polysiphonieae, they are commonly pigmented when young before they enlarge and become colourless (Delivopoulos, 2002) . The two currently recognized species of Brongniartella, B. byssoides and B. australis, were separated within the Vertebrata clade, respectively placed with V. lanosa and Polysiphonia nigra.
Ctenosiphonia is a monotypic genus segregated from Polysiphonia due to its very peculiar morphological characteristics, including a dorsiventral thallus and two tetrasporangia per segment (Falkenberg, 1901; . This genus, together with Lophosiphonia Falkenberg (1897), is currently positioned within the 'Lophosiphonia group' (Falkenberg, 1901) . Boergeseniella and Enelittosiphonia were distinguished from other Polysiphonieae by their particular branching patterns (Segi, 1949; Kylin, 1956 ), but our molecular evidence Replacing trichoblasts and with sterile apical filaments in Polysiphonia stricta (Fig. 47 , Polysiphonia sensu stricto clade 1). Replacing trichoblasts and lacking sterile apical cells in Vertebrata lanosa (Fig. 48, Vertebrata clade) . On a branch of a trichoblast and with sterile apical cells in P. fucoides (Fig. 49 , Vertebrata clade), P. denudata (Fig. 50 , Carradoriella clade), P. schneideri (Fig. 51, ' P.' schneideri clade) and Neosiphonia harveyi (Fig. 52, Melanothamnus clade) . Scale bars: 100 µm. Arrows show the apical sterile cells and arrowheads the sterile branch of fertile trichoblasts.
( Fig. 1) does not support their recognition as independent genera.
The diversity of currently recognized genera included in this clade reflects the high variability among Vertebrata species in trichoblast characteristics (pigmented/unpigmented; persistent/deciduous; spirally/dorsiventrally arranged) and branching patterns (spiral/dorsiventral; presence or absence of alternating branches of determinate and indeterminate growth), which classical authors considered important at levels of genus and tribe (Falkenberg, 1901; Kylin, 1956; Hommersand, 1963) .
The main morphological character delineating the Vertebrata group is that trichoblast cells are multinucleate. In the Polysiphonieae and some other Ceramiales, the apical cell is uninucleate, whereas the cells cut off from it undergo nuclear divisions during elongation, becoming multinucleate, with the number of nuclei being proportional to the volume of the cell (Goff & Coleman, 1986; McIvor et al., 2002) .
Figs 53-58. Carpogonial branches in the Polysiphonieae. Four-celled in Polysiphonia stricta (Fig. 53 , Polysiphonia sensu stricto clade 1), P. nigra (Fig. 54 , Vertebrata clade), P. denudata (Fig. 55 , Carradoriella clade) and P. schneideri (Fig. 56, ' P.' schneideri clade). Three-celled in species of the Melanothamnus clade: Neosiphonia harveyi (Fig. 57) and P. blandii (Fig. 58) . Su = supporting cell; st = sterile basal cell; 1-4 cells of carpogonial branches. Scale bars: The trichoblasts of the Rhodomelaceae are usually uninucleate, whereas the polysiphonous parts of the thalli are multinucleate (Coomans & Hommersand, 1990; Garbary & Clarke, 2001; Delivopoulos, 2002) . A plausible advantage of having multinucleate trichoblasts in Vertebrata is that their cells can reach larger sizes. In fact, trichoblasts in this genus are sometimes extremely well developed, exceeding 10 mm in length in species such as Vertebrata (Lophosiphonia) reptabunda and V. (Ctenosiphonia) hypnoides. In the red algae, cell streaming is slow compared with other algae (Pueschel, 1990) , and multinuclearity of large cells may facilitate the regulation of cellular activities. Several potential functions have been attributed to the vegetative hairs of the red algae or trichoblasts of the Rhodomelaceae including desiccation resistance, nutrient uptake, metabolite secretion, shading, trapping of spermatia, mucilage stabilization and monitoring of phosphorus status (Delivopoulos, 2002, and references therein) . Physically, trichoblasts can form a dense network around the apices that could potentially restrict access to the cells by small grazers, such as amphipods and copepods.
Taxonomic position of Neosiphonia, Fernandosiphonia and Melanothamnus
The presence of the type species of the genus Melanothamnus (M. somalensis) in a strongly supported clade with the type species of the genus Neosiphonia (N. flavimarina) and Fernandosiphonia (F. unilateralis) indicates that Neosiphonia, Fernandosiphonia and Melanothamnus are not distinct monophyletic genera. Neosiphonia is a later heterotypic synonym of Fernandosiphonia. However, the name Melanothamnus is older than both Fernandosiphonia and Neosiphonia, and the new combinations proposed in Tables 4 and 5 are required. These new combinations include 31 species that were previously assigned to Neosiphonia; two species known to be closely related to Neosiphonia but that had been retained in Polysiphonia because
Figs 59-64. Cystocarps in the Polysiphonieae. Urceolate in Polysiphonia stricta (Fig. 59 , Polysiphonia sensu stricto clade 1). Ovoid in Vertebrata lanosa (Fig. 60 , Vertebrata clade), P. denudata (Fig. 61, Carradoriella clade) , Streblocladia glomerulata (Fig. 62, Streblocladia clade) . Globose in Polysiphonia schneideri (Fig. 63 , 'P.' schneideri clade) and Neosiphonia collabens (Fig. 64, Melanothamnus their morphology conflicted with Kim & Lee (1999) ; six species for which molecular data are presented here for the first time; and three species that are transferred to Melanothamnus on the basis of their morphology.
On the other hand, 10 species that are currently placed in Neosiphonia should be replaced in Polysiphonia for formal purposes pending clarification of their phylogenetic affinities and generic assignment. Polysiphonia beaudettei, P. confusa, P. echinata, P. elongella, P. poko, P. rubrorhiza and P. profunda were assigned to Neosiphonia based on morphological characteristics (Kim & Lee, 1999; Abbott et al., 2002; Kim & Abbott, 2006; Mamoozadeh & Freshwater, 2011; Norris, 2014) . However, they lack the plastid character, and furthermore molecular data for P. echinata and P. elongella show that they do not belong to the Melanothamnus clade (Fig. 1) . Likewise, Polysiphonia sertularioides was transferred to Neosiphonia based on the morphology of Korean material attributed to this species (Nam & Kang, 2012) . However, its type locality is in the Mediterranean, and Atlantic sequences for this species are not in the Fernandosiphonia clade ( Fig. 1 ; Mamoozadeh & Freshwater, 2012) . Polysiphonia paniculata was transferred to Neosiphonia (Norris, 2014) , but again it is not in the Melanothamnus clade (Figs 1, 2) . Finally, our study of the type material of Lophosiphonia mexicana, also transferred to Neosiphonia (Norris, 2014;  Table S2 ), indicates that this species is probably not a member of the Polysiphonieae. As noted by Norris (2014) , further studies are needed to clarify the generic placement of this unusual species, and meanwhile we propose to leave it in Lophosiphonia until more information is available.
Specimens of Melanothamnus collected in Oman and housed in MICH were initially assigned to M. somalensis (Wynne & Banaimoon, 1990) , before the description of M. afaqhusainii from Pakistan (Shameel, 1999) . Revision of the Omani materials leads us to conclude that both M. somalensis and M. afaqhusainii are represented in Oman, and their morphology agrees with the criteria proposed by Shameel (1999) and Afaq-Husain & Shameel (2000) for distinguishing them. Their rbcL sequences diverged by 1.4% (18 bp).
The Melanothamnus clade is morphologically distinguished from other members of the tribe Polysiphonieae by an unequivocal synapomorphic character: plastids lie exclusively on the radial walls of the pericentral cells and are absent from outer walls. The plastid character was previously noted by Hollenberg (1961 Hollenberg ( , 1968a , who described 'hyaline cell walls' for several species (e.g. P. pseudovillum, P. bajacali), and by Maggs & Hommersand (1993) . However, its significance at higher taxonomic levels (Fig. 71 , Polysiphonia sensu stricto clade 1). Forming spiral series in Vetebrata lanosa (Fig. 72, Vertebrata clade) , Polysiphonia sp. (Fig. 74, Streblocladia clade) and Neosiphonia harveyi (Fig. 76 , Melanothamnus clade). Forming short straight series in P. denudata (Fig. 73, Carradoriella clade) , and P. schneideri (Fig. 75, P has not previously been highlighted. We observed this character in a total of 35 species, and we conclude that it is uniform in the Melanothamnus clade. Conversely, other Polysiphonieae and most of the Rhodomelaceae have plastids distributed within the cytoplasm, some lying against outer cell walls. In the family, the only other exception is some species of Herposiphonia in which the plastids form transverse bands (Hollenberg, 1968c; Womersley, 2003; .
Carpogonial branches are typically 4-celled throughout the family Rhodomelaceae. Three-celled carpogonial branches were described for the first time in Polysiphonia platycarpa (Iyengar & Balakrishnan, 1950) , and later this was one of the features proposed to delineate the genus Neosiphonia (Kim & Lee, 1999) . Three-celled carpogonial branches have been reported in 17 species (four of them in the 'japonica-complex'), all of which are placed here in Melanothamnus. Alternative interpretations of the carpogonial branch configuration were found in the literature for F. unilateralis, as Levring (1941) described and illustrated a 4-celled structure, while Morrill (1976, plate 37 , figs E and H) illustrated 3-celled carpogonial branches in the same species, also from the type locality. This character can be easily misinterpreted if the carpogonial branches are not observed at the right developmental stage. In our study of the type material, a single procarp was observed in a permanent slide (Fig. 16) , most probably the same one illustrated by Levring. It is unclear how this procarp should be interpreted because it is too mature, and so it is difficult to determine with certainty which cell corresponds to the sterile basal cell and which to the basal cell of the carpogonial branch. From the evidence of the presence of both the plastid character and 3-celled carpogonial branches, Kintarosiphonia fibrillosa Uwai & Masuda (1999) , based on Pterosiphonia fibrillosa, and Polysiphonia platycarpa are also here transferred to Melanothamnus (Table 1) .
The other morphological characters proposed by Kim & Lee (1999) to delineate the genus Neosiphonia vary among closely related species, except for the rhizoid anatomy. Rhizoids are cut off from the pericentral cells in all Polysiphonieae except for Polysiphonia sensu stricto in which they are in open connection with the pericentral cells. After the establishment of Neosiphonia, numerous species were transferred to the new genus based on morphology, but commonly overlooking the number of cells in carpogonial branches. Excluding this trait, several species have all five characteristics proposed by Kim & Lee (1999) to delineate Neosiphonia but nevertheless are not in the Melanothamnus clade (e.g. P. brodiei, P. echinata, P. elongella), while several species are clearly in the clade (e.g. M. collabens, M. nuda, M. pseudovillum) but lack this combination of traits.
The key morphological feature of Melanothamnus is the restriction of plastids to the radial walls of the pericentral cells and their absence from the outer walls. Algae demonstrate a notable decline in photosynthesis at higher light levels possibly due to damage to the photosynthetic apparatus caused by excessive light delivery to photosystem II (Lüning, 1990; Hurd et al., 2014) . Many green and brown algal plastids have phototropic reactions to blue and UV light in order to protect them from irradiation damage (Lüning, 1990) . Plastid movement, however, has never been demonstrated for the vast majority of red algae (Pueschel, 1990) , and it appears that red algae have evolved other types of protection against UV damage. Red algae including Polysiphonia species have high concentrations of various mycosporine-like amino acids (MAAs) that respond rapidly to environmental change and act as defences against the photooxidative effects of sunlight (Karsten et al., 1998; Navarro et al., 2014) . The movement of the plastids onto the radial walls of the periaxial cells, in combination with MAAs, may have given the Melanothamnus ancestor a selective advantage over other Polysiphonieae, allowing it to exploit new ecological niches. The prevalence of Melanothamnus species in habitats with exposure to high light levels, such as in Hawaii or turfs on coral reefs (Price & Scott, 1992; Kim & Abbott, 2006) , supports this speculation.
Biogeography of Vertebrata and Melanothamnus
The genus Vertebrata is distributed worldwide, and representatives have been described from all regions where there has been a detailed study of the tribe Polysiphonieae. The majority of our sequences are from Europe, but our systematic review and unpublished data suggest that this genus is widespread. BEAST and PhyloBayes calibrations indicate radiation of the major lineages of the Vertebrata clade over a 20 MA period starting about 140 or 90 Ma (estimates from different methods; see Figs S1, S2). Further conclusions as to its origins and centres of diversity would be premature, pending more comprehensive sampling.
In contrast, Melanothamnus is predominantly IndoPacific (Fig. 77) . Although few molecular data are available from Indian coasts, some species occur in South Africa (M. incompta), Oman (M. somalensis and M. afaqhusainii), India (M. platycarpa) and Thailand (M. thailandica). Among the regions for which there is a comprehensive study of the Polysiphonieae, the diversity of Melanothamnus is particularly high in Korea, Japan and Hawaii (14, 11 and 14 species, respectively). This genus is also well represented on North American Atlantic coasts (4-5 species), but it is almost completely absent from Atlantic and Mediterranean Europe, where only two species have been reported, which are both most probably examples of old human-mediated introductions. Melanothamnus harveyi is native to southeastern Asia and has been introduced by multiple events onto northern Atlantic coasts (McIvor et al., 2001; Savoie & Saunders, 2016) . Similarly, M. collabens is likely to be an old introduction into the Atlantic, where it extends from the Bay of Biscay to Cape Verde, including the western Mediterranean . The finding of M. collabens in California (as P. johnstonii, see Table 4 ) supports this hypothesis, but although Polysiphonia johnstonii was first collected from the Gulf of California in 1921 (Setchell & Gardner, 1924) , California was probably not the original source of the introduction. An investigation of Polysiphonia species from the Northern Gulf of California (Hollenberg & Norris, 1977) suggested that since its initial collection and description, P. johnstonii has extended its range along the Pacific coast of North America, fulfilling one of the criteria for an invasive species (Chapman & Carlton, 1991; Ribera & Boudouresque, 1995) . How far this species has spread along the Pacific coast of America and along North Atlantic coastlines remains to be determined, and further sampling is needed to establish its origin.
The absence of naturally occurring Melanothamnus species in the Mediterranean and north-eastern Atlantic might suggest that Melanothamnus is of recent origin, having evolved in the Pacific Ocean after the closure of the Tethys Seaway, between 60 and 20 million years ago, particularly as the sister 'P.' schneideri clade is also primarily Pacific in distribution. In our rbcL phylogeny (Fig. 1) , the 'P.' schneideri clade includes two Korean species and two species distributed in the Pacific and North America with one of them introduced in Europe (Díaz-Tapia et al., 2013a) . Furthermore, our surveys in Australia revealed five other Indo-Pacific species belonging to this clade (unpublished data). However, BEAST and PhyloBayes calibrations indicate radiation of the major lineages of the Melanothamnus clade over a 12 Ma period starting about 95 or 75 Ma (the two methods providing different estimates), with divergence from the 'P.' schneideri clade 140 or 95 Ma (Figs S1, S2) . The distribution resembles a Tethyan one that originated during the Cretaceous 125-75 Ma (Lüning, 1990; Hommersand, 2007) when the Tethys Ocean formed a tropical girdle around the earth. Unlike typical Tethyan distributions, in addition to its wide occurrence throughout the tropics, Melanothamnus occupies more temperate regions in the North Pacific (e.g. Japan, Korea) and the South Pacific/Oceania (e.g. South Australia, New Zealand). The question of whether Melanothamnus failed to colonize the north-eastern Atlantic as it opened up during the Cretaceous, or whether north-eastern Atlantic lineages evolved but became extinct, perhaps during Pleistocene glaciations, cannot be answered at present. 
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